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Ui General RelatiVity February 2012

“Mass tells space-time how to curve, and

space-time tells mass how to move.”
J.A. Wheeler
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Ut GR Predictions
fr O m 1 9 1 6 _ 1 9 1 8 SpaceTelescope.org/opo9020a

|. Mercury’s perihelion advance
43” / century, first noted by Urbain Le Verrier in 1859

2. Gravitational deflection of light

Observed by Eddington during the 1919 eclipse, repeated Gravitational Lens G2237+0305
in 1922 by Lick Observatory

3. Gravitational redshift

Definitively measured by the Pound-Rebka experimentin -
1959 using Mossbauer spectroscopy.

of periastron time

4. Gravitational waves

Predicted in 1918, indirectly observed via the orbital
dynamics of the Hulse-Taylor binary pulsar, 1974

Cumulative shift

" Weisberg, Taylor - ASP Conf. Series 2004
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i Modern Gravity oy 2012

Black holes

- Active Galactic Nuclei
- Xray Binaries

- Sagittarius A*

Neutron Stars:
- Millisecond pulsars
- Soft Gamma Repeaters

Gamma Ray Bursts
- Long GRBs, core collapse supernova?
- Short GRBs, compact binary inspirals?

Cosmology

- Inflation era GWs

- Dark Energy / Matter

- Large scale structure formation

Thursday, February 23, 2012



Waldman
LIGO LBL RPM

T Modern Gravity by 202

Black holes
- Active Galactic Nuclei
- Xray Binaries

Sagittarius A Directly
Neutron Stars: observable with
- Millisecond pulsars gravitational
- Soft Gamma Repeaters waves
Gamma Ray Bursts
- Long GRBs, core collapse supernova?

- Short GRBs, compact binary inspirals?

Cosmology

- Inflation era GWs Accessible with
- Dark Energy / Matter GW astronomy

- Large scale structure formation
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Ut GW gene ration

Observable as astrain:
h=0L/L

for a binary system:

32m° G
Ropr = " Mr2f2(30847rft
Rc?
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GW generation

h~15x 102!
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Observable as astrain:

h=0L/L

for a binary system:

322G
Rpw = };TC4 Mr? 2 cos 4 ft
M 6rg| |15 Mpc
_14M@_ T R
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Ut GW generation

Waveform

h, or hy
e
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Ut GW generation

Quadrupole wave with
two polarizations:

o® e
9 a
e ® * e e .
Q. .0 L] ®
. ¢ . .
‘e e o ¢ * a °
a @
- .l
9 g®
+ polarization X polarization

h, or hy

Waveform

Thursday, February 23, 2012



Waldman

iF PSR 1913+16

AL L L L L L
O LS
s [ ]
@ - ]
© L ]
E —10 —
- L -
O ~ ]
» —15 — —
9 — —
O ~ ]
Q. _ -
o —20 — / —
+ | General Relativity prediction 1
= - -
) - —
o —25 — —
2 — 1
© - ]
= - _
E —30 — —]
- L -
O N _
_40—L‘IIII‘IIII‘IIII‘IIII‘IIII‘IIIL
1975 1980 1985 1990 1995 2000 2005
Year
% Weisberg, Taylor - ASP Conf. Series 2004

J

Binary NS system

- mi~my~1.4 Mo
-r=1.6x10°m

- Torbit =8 hr

- 7.5 kpc from Earth

GR predicts periastron
shift of -3mm/orbit
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iF PSR 1913+16

Binary NS system

- mi~my~1.4 Mo
-r=1.6x10°m

- Torbit =8 hr

- 7.5 kpc from Earth

GR predicts periastron
shift of -3mm/orbit
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Ut GW sources

Coherence

Compact Binaries

Stochasti
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UITe Ei nStEi n’S meSSengerS February 2012
e Strong-field GR

e Core collapse supernova
e z~1 standard candle

e |Inflation era stochastic
background

e Neutron star Equation of
State

e No-hair theorem
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i L IGO 0.01

o
= & H

Michelson, Morley 1887 30 cm

Albert A. Michelson

12
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[ IGO 0.01
|

First GW detector
dx/x ~5x 1010

Albert A. Michelson

S

AT
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LIGO Hanford:

Thursday, February 23, 2012



Waldman
Initial LIGO
ebruary
Mir

D

-—— A ——

i | ET™
10 W Nd:YAG
MOPA @ 1064nm
F IT™
PRM
BS I
Laser 10 —i—y— FI * ‘» |
20 kW L
250 W -

|4

Thursday, February 23, 2012



Waldman
e LBL RPM

ap- 215tcentury Interferometers
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Shot noise \/ —
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ai= 215t century Interferometers

Shot noise
limited
Michelson

Power
recycled
Michelson

Power
recycled
Fabry-Perot
Michelson
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February 2012
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Noise Budget
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L1: UGF = 151 Hz, 14.8 Mpc, Predicted: 15.6, Feb 09 2007 04:28:56 UTC
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N Noise Budget

L1 Noise Contributions — Range: 33.5 (36.3) Mpc
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Noise sources

a.lLaser amplitude

f. Thermal gradient

T Historical Aside
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QUARTERLY PROGRESS REPORT

APRIL 15, 1972
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Illil_ Ra tes February 2012

Predictions for the rates of compact binary coalescences observable by ground-

based gravitational-wave detectors
Classical and Quantum Gravity 27 (2010) 173001

NS-NS NS-BH BH-BH
B N L L 0435,
G C yro

21
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Rates

Predictions for the rates of compact binary coalescences observable by ground-

based gravitational-wave detectors
Classical and Quantum Gravity 27 (2010) 173001

NS-NS NS-BH BH-BH
(Mw-ﬂ%at? 1) 10077 3 0.05 0.4 501
G yr
LIGO 00292, ,  0.004%1 . 000795,

(yr=')

21
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Initial LIGO
Advanced LIGO
Applied LIGO
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MC2
Input
Mode

Cleaner

MCH1 ' MC3

AS

Advanced LIGO

ETMY

ITMY

-———

Output
Mode
Cleaner

ETMX
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February 2012
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u??.f Advanced LIGO
Tl

MCA1 MC3 PRM
% ITMX

PR3 SR2

® |Improved isolation

SRM SR3

AS

-———

Output
Mode
Cleaner
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Active isolation &
quad pendulum

B a \

23
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ETMY

750 KW

ITMY

PRM

ITMX

® |Improved isolation S KW

® |ncreased power

SRM SR3

AS

-———

Output
Mode
Cleaner
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Active isolation &
quad pendulum

T Y
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® |Improved isolation
® |ncreased power
e Signal recycling

ETMY

750 KW

ITMY

Output
Mode
Cleaner

Waldman
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February 2012

Active isolation &
quad pendulum

—

23
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Advanced LIGO
ETMY Active isolation &
quad pendulum
ITMY
® |Improved isolation
® |ncreased power
e Signal recycling
e DC readout
Output
Mode
Cleaner 23
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Advanced LIGO
ETMY Active isolation &
quad pendulum
® |mproved isolation O KW
® |ncreased power
e Signal recycling
e DC readout =+
e [nstallation began i
October 20, 2010 Ouipu
Cleaner 23
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HIT

iLIGO

Strain [1/Hz'/4]

{ aLIGO

10_24_ L . . . C . \ Ce
10" 10° N 10
Frequency 0.9x10"®m /100 Hz

Thursday, February 23, 2012



Waldman
LIGO LBL RPM

— February 2012
HIT

seismic |
Isolation _

iLIGO

Strain [1/Hz'/4]

{ aLIGO

10_24.1 . . C . \1

10’ 10° N 1¢°

Frequency | 0.9 x 10-°m /100 Hz
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— February 2012
HIT

seismic |
Isolation _

iLIGO

Strain [1/Hz'/4]

{ aLIGO

N

107 i N
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Frequency | 0.9 x 10-°m /100 Hz
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f— February 2012
HIT

seismic
Isolation _

iLIGO

Strain [1/Hz'/4]
o

{ aLIGO
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Frequency | 0.9 x 10-*m /100 Hz
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Two-stage, 12 DOF isolation
system

24 sensors, 12 actuators
Mechanical resonance ~1 Hz
700 kG payload
~1pm/Hz"2 at 10 Hz

- Active seismic isolation ===
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(led by B. Lantz of Stanford)

25
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Thermal noise

Coating

Suspension

/

Y

® ||| Substrate

~ mechanical
Johnson noise

vn(f) = VATKTR

Brownian motion of the
lossy mechanical system

Dominated by the multi-
layer dielectric coating

26
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mir Monolithic suspension

welded fused .
® Reduce suspension

silica fibers |
Sw_&- e thermal noise ~10x
Tl T T
N TRAER ® 40 kg test mass
W ® 4 stages

Silicate
bonding

LASTI Monol|th|c suspension 2010

27
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mir ~Monolithic suspension =
\ "GN 034cm, 40 kg

Q.
\
Monolithic fiber
suspension

. &

Electrostatic
actuation

RI\/IS O 5nNm  +1e

First installed test mass
at LHO, Jan 2012

28
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Robust?

Glasgow fiber test 2010
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February 2012

29

Thursday, February 23, 2012



Waldman
LIGO LBL RPM

Illil_ RO b u St? February 2012
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Glasgow fiber test 2010
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Frequency [HZ]
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||L|li.' aLIGO Performance ==

Optimized for NS/NS Inspirals (P= 125 W, Qo = 1.1e+02 deg)
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?
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Sclence
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Rates

Predictions for the rates of compact binary coalescences observable by ground-

based gravitational-wave detectors
Classical and Quantum Gravity 27 (2010) 173001
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- Parameter estimation ="

e 3 site detection determines sky
location (~0.1 srad/SNR),
polarization and amplitude

e For NS/NS inspirals, 2 or more

. I\ sites give M1, M2, and ho:
N apm standard candle to 400 Mpc
o /-/\‘_'-_/) e EM / particle priors needed to
N invert the 12 parameters of

spinning BH/BH waveforms:
standard candle to 4000 Mpc
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i Source localization

Detectors must be
separated long baselines

eg. Hanford, Livingston,
Virgo
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Virgo
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UITe Sou rce IocalizatiOn February 2012

250 AHLV  (S. Fairhurst 2010)
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i LIGO India

3rd aLIGO detector in India

India (Indigo) provides all the
infrastructure - buildings, vacuum,
clean rooms and staff

No new cost or delay to NSF/
LIGO project

Improved performance for EM
surveys

(analysis shown is for Australian site - S
similar improvement for Indian site) ™ S.Fairhurst 2010 3s
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Advanced LIGO
Applied LIGO
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Quantum events in a

GR metric
Z
9
9
% =
0
Y
"
L
Z |
- WorD L iNE 1 WoRD LINE 2

Xt
SPACE. LIKE DIRECTION

Wigner; Rev. M. Phys. 1957

Waldman
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mr  Quantum + Gravity =~

[hG
Ap=1/— =1.6 x10""m
C

hG
Tp — C_5 — H.4 X 10_448
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Uty 2-D ng ner measure rr=»n

2-D quantum events
in a GR metric

TwmE CikE

two measurements
required to fix a two
dimensional position

41
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Uty 2-D ng ner measure rr=»n

2-D quantum events
in a GR metric

TwmE CikE

two measurements
required to fix a two
dimensional position

X, Y] #0

41
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AdS/CFT

fields

(Bekenstein 2007)

Waldman
LBL RPM

February 2012

of BH entropy

2-dimensional nature

1 bit of
information
on every
0.724 x 10% ¢cm?

42
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Ut Co nj ecture:

A Position wave function
has transverse uncertainty,
coherent across a null
surface, as a random walk

with step size tp

N\ N\

X, Y] =i\p

time-like

2-d space-like

43

Thursday, February 23, 2012



Waldman
LIGO LBL RPM

i Claimed GEO600 ===

Noise projection to h 2008-05-15 08:10:00
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Ut Coherence

Coherent over a null surface

Correlation experiment eliminates technical noise,
provides a difference measurement, and allows for
modulation:
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Coherent over a null surface

Correlation experiment eliminates technical noise,
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modulation:
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Holometer @ Fermilab ="

http://holometer.fermilab.qgov

Thursday, February 23, 2012


http://holometer.fermilab.gov
http://holometer.fermilab.gov

LIGO

x10‘

-20

N e
UIT
1

2

o
o

Cross—Correlation [m / VHZ]
o o
'4} o

o
\S)

—h
T

L L S RS | L L s W)
5 6 7

10 10 10

Frequency [Hz]

o
o)

DC Cross—Correlation [m / vVHZ]
o o
15 o))

o
\S)

OO

10 20 30 40
Displacement [m]

50

Sighatures

Arxiv [1002.4880] Interferometers as Probes
of Planckian Quantum Geometry

Flat in frequency until FSR/2 @

2 MHz
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Two independent
interferometers

Colocated (~1 m)

Wide bandwidth
(40 MHZz)
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™ First Light

Michelson Error Spectrum

B.Lanza 02/14/12
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LIGO . . i} LBL RPM
NG Historical aside
VOLUME LXI APRIL 192% NUMBER 3

“Theory of the effect of the

- earth’s rotation on the velocity
THE EFFECT OF THE EARTH’S ROTATION ON of light as derived on the

THE VELOCITY OF LIGHT hypothesis of the fixed ether.”
PART I

By A. A. MICHELSON

Clearing, lllinois 1924
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- Initial LIGO recorded 2 years of data at h~10-%3 with
an expected rate of ~0.1/yr

- 100 Mpc detectors online in 2015, first science data
- First detections 2016-2017

- Design sensitivity by 2020, dozens of GWs/yr

- Fermilab Holometer has installed first 40 m
interferometer with First Light Februrary 2011

- Full experiment during the summer 2012
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